Application of a negative field on a positively poled ferroelectric sample can enhance the electrocaloric cooling and appears as a promising method to optimize the electrocaloric cycle. Experimental measurements show that the maximal cooling does not appear at the zero-polarization point, but around the shoulder of the P-E loop. This phenomenon cannot be explained by the theory based on the constant total entropy assumption under adiabatic condition. In fact, adiabatic condition does not imply constant total entropy when irreversibility is involved. A direct entropy analysis approach based on work loss is proposed in this work, which takes the entropy contribution of the irreversible process into account. The optimal reversed field determined by this approach agrees with the experimental observations. This study signifies the importance of considering the irreversible process in the electrocaloric cycles.
The electrocaloric (EC) effect shows great application potential in the technology of solid state refrigeration.
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Even though much effort has been made to explore material candidates with large EC effect and device concepts, there are few work concerning the optimization of electrocaloric cycle. In a conventional EC cycle of a solid refrigerant, the cooling effect is obtained simply by removing the previously applied electric field. Using direct heat flux calorimetry on poly(vinylidene fuoridetride-trifuoroethylene) films, Basso et al. 4 demonstrated that the electrocaloric cooling can be doubled if a negative electric field to a positively poled sample is applied. The EC hysteresis of ferroelectric ceramics measured by Thacher et al. 5 indicated also that a reversed electric field can increase the cooling effect of ferroelectric ceramics. In the authors' previous work, 6 experimental and numerical studies were carried in PMN-29PT and BaTiO 3 , which demonstrated that there exists an optimal reversed electric field, corresponding to a position around the shoulder of the dielectric hysteresis. At this point, the EC cooling effect reaches its maximum (also see Fig. 1 ). This phenomenon was also observed in Ref. 4 . It is of scientific and engineering importance to deter- mine and understand this optimal reversed electric field. In the literature, as reviewed in Ref. 7 , the EC cycle is considered to be reversible, with constant total entropy under the adiabatic condition. This assumption leads to the conclusion that the maximal cooling takes place at the zero polarization point, since at this point the dipolar entropy takes maximum (see Model I). This conclusion deviates obviously from the experimental observations. In fact, the total entropy S total should satisfy:
where S dip and S vib are the dipolar and the vibrational entropy, respectively. In the case of applying a reversed electric field, the irreversible contribution becomes considerable. In other words, to correctly determine the optimal reversed electric field, the change of the total entropy induced by the work loss W loss due to the irreversible process should be evaluated. The Maxwell relation is valid under the assumption that the process is thermodynamically reversible. Hence, it is inappropriate to utilize the indirect approach [8] [9] [10] based on the Maxwell relation for the issue of interest. The adiabatic condition can be strictly fulfilled in MonteCarlo and Molecular Dynamics simulations by utilizing the direct method. 6, [10] [11] [12] [13] [14] In these methods, the information of the entropy change can be hardly extracted, which is, however, very important for the understanding of the maximal EC cooling point. In this study, we propose a direct method to analyze the entropy changes in an irreversible process, and apply it to reveal the optimal reversed electric field which maximizes the EC cooling.
According to Ref. 7, the dipolar mean field free energy F dip can be expressed as
where F 0 is the field-independent part, the phenomenological coefficients a, b, c should be temperaturedependent, and P is the total macroscopic polarization.
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For simplicity, the sixth order-term and the temperaturedependence of b are abandoned while a = a 0 (T A − T C ) with T A and T C as the initial temperature and the Curie temperature, respectively. If not specified, the initial temperature T A is set to be 0.7. According to Pirc and Blinc 15 , the following normalized parameters are chosen: a 0 = 1, T C = 1, b = 1/3, and a 0 = ∂a/∂T = 1. The dipolar entropy S dip can be derived from as
Therefore the change of S dip from state A with polarization P A to another state with polarization P can be simply expressed as
The change of S vib , can be approximated as
where T is the current temperature, and C ph is the specific heat capacity of the non-polar degrees of freedom, which can be assumed to be temperature-independent 7 . Based on the work 15 , the normalized value C ph = 15 is applied for the study in this work.
In the following three different models are applied to determine the optimal magnitude of the reversed field. Model I. Assuming a reversible process, adiabatic condition implies ∆S total = 0, and thus ∆S vib = −∆S dip . Application of Eq. (2) and (3) leads to
This result has been obtained in e.g. Ref.
7. For the state between A and E, one can determine the corresponding temperature change by Eq. (4), the entropy changes, and the derivatives of these changes with respect to the polarization. Results are shown in Fig. 3(a) . It is seen that the maximal temperature drop happens at the point P = 0. This is due to the fact that Eq. (4) depends on P 2 . When the polarization equals to 0, there appears the highest disorder of polarization, i.e., a maximum of S dip and a corresponding minimum of S vib since the total entropy is constant. In other words, ignoring the irreversible contribution leads to the conclusion that the maximum EC cooling appears at P = 0. This deviates from the previous experimental 4, 6 and numerical observation 6 .
Model II. Considering the irreversible contribution, the total entropy is related to the change of the work loss as
Note that the approximation in the last equation results from the fact that the temperature change is rather small compared with the initial temperature T A . Then through integration Eq. (5) can be rewritten as
Insertion of Eq. (2) and (3) into Eq. (6), one has
Eq. (7) is reduced to Eq. (4) if the process is reversible with W loss = 0. Next we show how W loss can be evaluated based on the decomposition of the polarization and the Landau theory. Setting the first derivative of the Landau free energy ∂F dip /∂P to be zero, one has the corresponding polarization for the actual electric field E from
This is demonstrated in the S-shaped curve in the P-E plane below the Curie temperature, as it is shown in Fig. 2 . Through the snap-through construction D-E and F-B, one obtains the ideal P-E loop. Take the saturated point A as the initial state with polarization P A , initial temperature T A and the electric field E A . Denote by C the point with zero electric field, and by D the inflection point of the S-shaped curve. Between A and B the process is fully reversible, while between B and E irreversibility is involved. Bolten et al. 16 pointed out that in the ferroelectric P-E loops, the reversible part can be described by a straight line without any hysteretic heat loss since the contribution mainly arises from the ionic and electronic polarization. This straight line should cross through the center of the hysteresis. In this work, we use the tangent line at the point B as the slope of the reversible part, since at point B irreversible part starts to be involved. The slope is
, where E B = aP B + bP 3 B . Then the reversible polarization P r is given in
From Eq. (8) and (9), it follows aP + bP 3 = (a + 3bP B 2 )P r . In this way the reversible part of the polarization P can be expressed as
The work loss W loss is termed as the difference between the work done in the actual process and that in the reversible process under the same electric field E. For any point located between B and D, the work loss is given through the difference of two integrals:
where P B = P r | P =PB = aPB+bP 3 B a+3bPB 2 . For the point N illustrated in Fig. 2 , the work loss Eq. (12) can be equivalently evaluated from the area difference, more exactly (V 2 − V 1 ) + (V 3 − V 4 ) with V i being the area of the region i shown in Fig. 2 . For any point between D and E, one has to go through the vertical snap-through line, which represents the hysteretic path. It is not difficult to obtain the work loss in the following form
In summary,
for points between B and D , W loss2 for points between D and E .
After W loss is determined through Eq. (12) or (13), the temperature can be calculated by Eq. (7) for the irreversible process.
The results based on this model are presented in Fig. 3(b) . Different from model I, the maximum EC cooling takes place at a position before the polarization vanishes (see the gray dashed line). The underlying reason is due to the entropy contribution of the irreversible process. From B to C, it is an almost reversible process, and this brings about a steady decrease of the temperature. Within the region C-D W loss and ∆S total increase steadily with the decrease of the polarization, which leads to a weaker decrease of the temperature compared to the strong decrease within A-C. In the region D-E the irreversible process dominates, and thus W loss and ∆S total increase significantly. During polarization decreases in this region, the increase of S total gradually overtakes that of S dip , which makes the tendency of temperature decrease weaker. Finally, at the point where dS total /dP is equal to dS dip /dP , a maximum EC cooling effect is reached (see the gray dashed line). Afterwards, dS total /dP becomes larger than dS dip /dP , and the cooling effect becomes weaker and can even be switched to heating.
It demonstrates that the entropy contribution of the irreversible process shifts the position with maximal EC effect to a state with positive polarization. However, the shift is still far away from point D, determined from the experimental results.
Model III. As temperature increases and approaches T C , the hysteresis becomes slimmer, and the polarization switching is more moderate around the coercive field. The ideal scheme of the P-E loop considered in the model II, where at the coercive field the polarization is assumed to switch immediately from one direction to another direction, is inappropriate. In order to consider the P-E loop in a more realistic scheme, a temperature-dependent factor α is introduced to correct W loss in Eq. (7),
where α is the factor between the work loss obtained considering a non-ideal P-E loop and the one using the model II. Since in the realistic case, the work loss is larger than that evaluated in the model II, the factor α > 1. Meanwhile, α increases with temperature. However, the exact relation between α and the temperature is not available in the literature. Nonetheless, it is known that at higher temperature the polarization switching within the metastable state by the Landau approach deviates further from that in realistic materials. In other words, the work loss is underestimated more within the metastable state at higher temperatures, if Eq. (7) is utilized. The extent of the underestimation is assumed to be related to the radius of the curvature of S-shaped curve at point D R D . From the Landau free energy Eq. (1), one has R D = 1/ √ −12ab. At 0 K, the radius of the curvature at point D is then R 0 = 1/ √ 12a 0 T C b. Since the work loss is related to the area circumvented in the hysteresis, it is assumed that α is proportional to normalized R D 2 in the following fashion
The factor λ should be independent of temperature and reflects the ratio of the work loss due to other materialscomplexity, e.g. the switchable defects and the complex domain wall movements. Hereby λ is set to be 2.0. The corresponding results on temperature change and entropy changes are depicted in Fig. 3(c) . In comparison with the model II, the work loss in the model III is corrected through consideration of the extra contribution. Hence, the maximum EC cooling point is further shifted away from the zero-polarization point, and reaches around the point D, showing good agreement with the experimental results 4, 6 . The exact position is also defined as the point where dS total /dP catches up with dS dip /dP (see the gray dashed line). The explanation provided in the model II remains valid here.
In conclusion, the entropy contribution of irreversible process plays an important role in the study of EC effect. Adiabatic condition does not necessarily imply constant total entropy. In the particular case of negative EC effect induced by reversed electric field, we show that only when the work loss due to the irreversible process is appropriately considered, the optimal reversed field with maximal cooling effect can be accurately determined.
Results based on the model III (not shown) also demonstrate that with increasing initial temperature, the optimal electric field with the maximum EC cooling decreases, and closer to the coercive field. The maximal EC cooling also decreases.
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